Main concept: DNA is the universal information molecule; it allows for genetic variation within and genetic continuity between generations.
T he increasing importance of genetics in our daily lives requires greater attention to the study of genetics in our educational system. To understand the significance of the rough draft of the human genome, the related benefits and risks of gene therapy, and the increasing complexity of gene-gene and gene-environment interactions, the public must understand basic principles of genetics, including human genetics.The National Science Education Standards, developed by the National Research Council, recommend that the concept of inheritance be introduced in grades kindergarten (K)-4 and the basic principles of heredity and genes in grades 5-8. The standards for grades 9-12 concentrate on the molecular basis of inheritance, including DNA structure and function, genetic change, and variation (NRC 1996) .
No similar benchmarks exist for the genetics and human genetics curricula offered at collegiate institutions. Medical schools have received more attention in this regard than have college and university undergraduate courses. Twenty years ago, a noteworthy study of 103 of the 107 medical schools then operating in the United States analyzed the medical genetics courses in terms of content, duration, responsible department, and primary discipline of the instructor (Childs et al. 1981) . The authors concluded that human genetics had not found a comfortable niche in medical schools. Shortly thereafter, Goodman (1982) suggested implementation of a core curriculum in genetics and clinical genetics and further proposed establishment of a Genetics Education Task Group to coordinate the process. Much later, in 1995, the Information and Education (I&E) Committee of the American Society of Human Genetics (ASHG) submitted a report outlining a core curriculum in medical genetics for medical school (Friedman et al. 1995) . Studies conducted at the precollege level and in medical schools left the undergraduate years unaddressed. In 1999, ASHG began to address this deficiency by offering a workshop on undergraduate genetics education at its annual meeting (Bender et al. 1999) . Catalyzed in part by the positive reception of this workshop, the I&E Committee appointed a subcommittee on undergraduate genetics education to develop a set of content recommendations for institutions of higher education (Paula Gregory, ASHG I&E chairperson, personal communication, 1999) . The committee, which comprises the first eight authors of this article, represents a wide variety of educational and professional backgrounds, including undergraduate biology education, clinical genetics, nursing, genetics education, and more than 100 years of cumulative teaching experience.
In 2000, the subcommittee decided to focus on introductory biology courses for non-science majors, given the large number of students who take such courses. The group's objectives included developing a list of central concepts that should be included in an introductory biology course for non-science majors, determining the degree to which those concepts are being taught in those courses, and examining the most widely used textbooks to determine the extent to which those concepts are addressed therein. This article presents the central concepts developed by the subcommittee and reviews the results of the subcommittee's investigations of teaching and textbooks.
Materials and methods
The Human Genetics Education Subcommittee of the ASHG developed a set of recommendations aimed at producing a standard by which to compare the content being taught in introductory biology courses for non-science majors. An online survey was developed to poll instructors of such courses on the content taught.
Development of major and subsidiary concepts. In the fall of 2000, the subcommittee met to define the central concepts in genetics that an undergraduate non-science major should understand. The members identified six major content areas, each of which includes a main concept and a series of specific subconcepts (box 1). The central criteria for selecting the central concepts and subconcepts were that they should contribute to a general understanding of life on Earth and enable students to make knowledgeable, responsible decisions about the personal and societal implications of genetics.
Sample population of introductory biology courses for non-science majors. A list of postsecondary education faculty teaching introductory biology courses for nonscience majors in two-year and four-year institutions of varying size across the United States was obtained from MSGI Direct Boston, which supplies these names commercially to many major textbook publishers. Of the 6922 names and addresses available, 3000 were chosen randomly, representing all 50 states; Washington, DC; and Puerto Rico.
Online survey development. An online survey instrument was developed to determine the extent of instructional coverage of the recommended genetic concepts and subconcepts in introductory biology courses for non-science majors. The survey included three types of questions: (1) demographic information on the institution at which the course was being taught, the course itself, and the instructor; (2) the number of hours dedicated to genetics, mitosis and meiosis, and each of the six content areas; and (3) a ranking of the relative importance and emphasis of each subconcept within a content area, using a five-point scale. Given the large number of subconcepts within each of the six content areas, respondents were asked to complete the survey for only three content areas. A professional Web page firm developed and maintained two Internet surveys. One survey contained these content areas:
• The Nature of the Genetic Material
The second survey contained these content areas:
• Gene Regulation
• Evolution
• Genetics and Society A pilot study of instructors in the greater Cincinnati area, using the online surveys, demonstrated that the letters sent to participants should state clearly the following criteria for participation: Participants must be teaching, or have recently taught, an introductory biology course for non-science majors and must have, or have had, responsibility for the genetics portion of that course or sequence. Before the study was implemented on a national scale, the survey format was modified to enhance content area understanding and ensure only one submission per individual.
The 3000 instructors were randomly divided as to which group of concepts they were asked to review (N = 1500 in each study group). Letters were sent on 1 May 2001 to all 3000 individuals, requesting their participation, emphasizing the criteria for participation, and directing them to the appropriate Web site to complete the survey. To increase the response rate, all individuals received a follow-up postcard 14 days after the initial mailing. Survey responses were collected during a onemonth period.
Response rate determination. A total of 180 individuals responded to one survey and 177 to the other, yielding a response rate of 12.0 percent (357 out of 2982; 18 letters were returned as undeliverable). Many individuals on the purchased list were likely not to fit the criteria for participation. In an attempt to estimate the number who did not meet these criteria, a first-class letter was sent to 100 individuals randomly selected from the initial list of 3000, asking each to return a postcard indicating whether he or she met both criteria. One of the letters was returned as undeliverable. Of the 58 people who responded, 42 indicated that they currently or recently taught an introductory biology course for non-science majors. Of those, 34 indicated that they taught the genetics section. Based on these estimates, 1252 of the 2982 surveyed would not have met the criteria. Thus, a revised response rate of 20.4 percent (357 out of 1748) was determined as more appropriate, although still likely to be low, given that many of the 41 nonrespondents to the first-class letter may not have been involved in teaching either the course for nonscience majors or the genetics section of that course.
Textbook analysis. The five leading introductory biology textbooks for non-science majors were reviewed. The text-books were selected based on market share information provided by Monument Information Database (table 1). In conducting the analysis of textbooks, it became obvious that the two textbooks written by Starr had identical content, although in somewhat different sequence. Therefore, in all tables after box 2, and in all references henceforth, both Starr textbooks are treated as one. The textbooks were analyzed for the six content areas and the 43 subconcepts using three methods: (1) reviewing the index for a list of 53 keywords developed from the subconcepts (box 2); (2) counting the number of pictures, tables, and graphs (P/T/G) dedicated to the six content areas (table 2); and (3) digitally scanning the relevant pages of each text and processing them with an optical character recognition program (table 3) . Relevant pages were identified by reading the section headings and determining whether the content fit into one of the six main content areas. Based on that analysis, a word count of the relevant pages was determined using a common word processing program. Only content text was used in the word count, excluding all section and chapter headings, captions and contents of figures and tables, and chapter outlines and objectives. This count was compared with the total approximate word count for each text, which was determined by scanning and counting the words on 15 randomly selected pages. Chapters were also selected randomly, and the P/T/G in these chapters were counted to determine an approximate total for each book.
Data analysis. Three statistical comparisons were made using the data from the surveys: (1) the average times spent on each content area were compared using ANOVA (analysis of variance) with a Tukey post hoc test; (2) the importance and emphasis ratings for each subconcept were compared using multivariate repeated measures analysis with t-tests as the post hoc analysis; and (3) emphasis ratings among subconcepts within each content area were compared using multivariate repeated measures and t-test post hoc tests. The emphasis ratings were also used to calculate the average time, in hours, spent on each subconcept. Emphasis ratings were used based on the assumption that they are a better indicator of actual time spent in a course than importance ratings.
The total hours instructors reported spending on each content area were divided by the sum of the emphasis ratings for each subconcept in that particular content area. This provided a base number of hours per emphasis rating. The emphasis rating for each subconcept was then multiplied by 4 . The basic tenets of Darwinian evolution apply today. 5. Some genetic variation is nonadaptive, producing gene products that interfere with normal regulatory processes in certain environments. Such nonadaptive variation comes to our attention as disease. 6. Genetic variation is much greater within traditional human racial groups than between them. 7. Superficial phenotypic differences do not reflect the high degree of genetic relatedness among traditional races. 8. Homo sapiens has been produced by the same evolutionary processes that have produced all other species. 9. Many genes found in humans are found in other taxa, indicating that those genes have been conserved throughout evolutionary history. 10. Substantial evidence indicates that Earth is about 4.5 billion years old and that there has been life on Earth for about 3.5 billion years. Modern Homo sapiens is a recent addition, having arisen from hominid ancestors only about 140,000 years ago. 11. Human cultural evolution, the transmission of knowledge, proceeds at a more rapid pace than does biological evolution and has a greater impact on our species and others.
Content area VI. Genetics and Society

Main concept:
The growing ability to analyze and manipulate the genetic material of Homo sapiens and other species raises a variety of complex and sometimes controversial issues for individuals and society.
Subconcepts:
1. Human alterations of the genetic material often expand upon naturally occurring phenomena; for example, recombinant DNA technology builds upon our understanding of the naturally occurring transfer of DNA among species. 2. The application of genetics and genetic technology to health care holds great potential for improving personal and public health by allowing identification of individuals and groups whose genes increase their risk of disease. 3. Like all technologies, genetic technologies are fallible and have unintended consequences, some of which can be harmful to individuals, families, or groups. 4. The scientific community, the general public, and policymakers should be aware of the implications of genetic technology and should be able to participate knowledgeably in deliberations about those implications. 5. Science attempts to provide naturalistic explanations for natural phenomena. 6. Science often can tell us what we can or cannot do, but it does not always indicate clearly what we should do. Those decisions involve the intersection of science with ethics, the law, and public policy.
Box 1. continued
the base number of hours to estimate the number of hours spent on each subconcept. This was completed for each of the 43 subconcepts in the six content areas. The only statistical analysis carried out on the textbook data was a word count comparison of coverage of genetics content among the textbooks. A heterogeneity chi-square analysis was performed using the word count data to determine whether textbooks differed in the emphasis given to each content area relative to the total length of the book.
Results
The list of recommendations compiled for genetics content included six content areas and 43 subconcepts. An online survey given to instructors of introductory biology courses for non-science majors showed the average time spent on the six content areas, as well as relative importance and emphasis ratings for each subconcept.
An analysis of textbooks and results from an instructor survey revealed differences in time dedicated to the six content areas. Relative importance ratings were significantly higher than relative emphasis ratings in almost all cases.
Demographics. Surveys were returned from 46 of the 52 US states and territories. Interestingly, 83.2 percent of the courses represented in the survey included a laboratory component, and most of the courses (64.6 percent) had fewer than 50 students enrolled. Table 4 summarizes other demographic data. National data indicate that the survey results are representative of two-year and four-year institutions and of a wide variety of institution sizes; however, public institutions are overrepresented when compared with private institutions.
Content area time comparisons.
Each instructor who completed a survey was asked to provide the total number of hours spent in class on the field of genetics or human genetics. The instructors were also asked to provide the number of hours spent on mitosis and meiosis. The respondents reported an average of 10.8 hours (range 0 to 48) spent on genetics, not including mitosis and meiosis, out of an average The instructors were asked to indicate how many of the hours spent on genetics were spent on each of the six content areas ( figure 1) . Transmission received the highest average amount of time, 3.0 hours, which was significantly higher than all other content areas (p < .001). By contrast, Gene Regulation received the least attention, with an average time of 1.3 hours; this was significantly less than any other content area (p < .001).
Importance versus emphasis ratings.
Instructors were asked to rate the importance of each of the 43 subconcepts and to indicate the relative emphasis each subconcept received in class. For each of the 43 subconcepts, instructors rated the concept's importance higher than the emphasis it received (figure 2). On a scale of 1 to 5, the overall average importance instructors placed on the concepts was 3.9, while the average emphasis the concepts received in class was 3.5. The most important content areas were (a) Genetics and Society and (b) Gene Expression (4.0 for each), while the least important area was Gene Regulation (3.7) (figure 2).
The importance and emphasis ratings were compared statistically using post hoc analysis for each of the 43 subconcepts. In all cases except two (noted in figure 2 by horizontal lines on top of the two bars), the importance rating was significantly higher than the emphasis rating (p < .001). The largest difference between importance and emphasis ratings (3.6 versus 2.8) was found in subconcept 2 of Gene Regulation:"Much of gene regulation involves turning genes on and off at the right time." Nineteen of the 43 subconcepts (44.2 percent) differed in importance and emphasis ratings by more than 0.5 points.
ratings for all the subconcepts within a content area were compared (figure 3), because they are a better determinant than a. Approximations based on random samples from the text.
b. Two textbooks written by Starr had identical content, although somewhat rearranged, and are represented here as one. figure 3 . This figure shows the surprising similarities in average emphasis of subconcepts when compared among the six content areas (range of 3.2 to 3.6) and the similarities in the amount of variation among subconcepts within each content area. With the exception of Genetics and Society, subconcepts in all content areas had highs ranging between 4.1 and 4.4 and lows between 2.3 and 2.8. For example, within the content area The Nature of the Genetic Material, subconcept 2, "DNA is the genetic material of virtually all organisms," was the most emphasized subconcept (4.3), while subconcept 7,"Mitochondria contain their own DNA, which is transmitted, along with the mitochondria, exclusively by the maternal gametes," was the least emphasized subconcept (2.4) . This difference in emphasis among subconcepts was evident within each of the content areas. There was less variation among the subconcepts within the content area Genetics and Society, although the first four subconcepts, all relating to public policy, were emphasized more heavily than the two subconcepts relating to genetic technology.
Word count Keyword
Emphasis ratings converted to time spent. Figure 4 shows the average hours spent on each subconcept, permitting a comparison of subconcepts both within and among the content areas. Subconcepts 1-3 of the content area Transmission, referring to sexual reproduction and classic Mendelian genetics, averaged more than 0.5 hours, the only subconcepts of the 43 to do so. Within the content area Evolution, three distinct groups of subconcepts received different levels of emphasis: (1) Subconcepts 1-4, covering only the basic evolutionary concepts, were similar in average hours to subconcepts in other content areas; (2) subconcepts 8-10, all emphasizing human evolution, were accorded moderate amounts of time, but less than the first four; and (3) subconcepts 5-7 and 11, which address more detailed aspects of evolution, received much less time than other subconcepts in all content areas except Gene Regulation.
Textbook data. Table 2 summarizes data for word count, keywords, and P/T/G. The textbooks written by Johnson and by Campbell, Mitchell, and Reece clearly dedicated a larger percentage of content to genetics (25.6 percent and 23.0 percent, respectively) than the other two textbooks reviewed, even though Johnson had the fewest words. Campbell and colleagues had by far the largest percentage of P/T/G committed to genetics (22.9 percent). Content area word counts were compared among the four texts (table 3 ). In general, there was a good deal of variation among the texts in terms of word count percentages committed to each content area, except for the content area Genetics and Society, for which variation among texts was only 17.2 to 21.2 percent. Three content areas, Evolution, Transmission, and Gene Regulation, always ranked first or second in word count percentage for all texts, while two content areas, Gene Expression and The Nature of the Genetic Material, always ranked as the lowest two percentages. These data indicate that on average more than half of the genetics content in the textbooks reviewed was committed to the content areas of Evolution and Gene Regulation (29.0 and 21.2 percent, respectively).
Discussion
The initial phase of this study produced a set of recommended concepts in genetics and human genetics, presented in box 1, for inclusion in undergraduate introductory biology courses for non-science majors. A subsequent online survey of instructors in such courses sought to determine whether and how well those concepts and subconcepts were being taught. Although the recommendations did not specify time allotments for each subconcept, an analysis of the amount of time devoted to particular topics is an appropriate measure of what is being taught and emphasized. The results show significant differences in time spent on some of the six content areas and among many of the 43 subconcepts. The content area Transmission, including subconcepts detailing Mendelian genetics and genetic recombination and variation, received the most attention (3.0 hours). Gene Regulation received the least attention (1.3 hours), although it includes important subconcepts for understanding the genetic components of single-gene disorders such as Tay-Sachs disease and cystic fibrosis, and common, complex diseases such as cancer.
Time spent on each subconcept (figure 4) illustrates the vast differences between Transmission and the other content areas, even excluding those hours reported separately for mitosis and meiosis. The two subconcepts related to genetic variability received more time (0.6 hours each) than any of the other 41 subconcepts, and another Transmission subconcept describing Mendelian inheritance received 0.5 hours. That is not surprising, given the central role those topics serve in constructing a knowledge base in genetics. Time spent on subconcepts, as indicated by the emphasis ratings, may be skewed by the inability to separate laboratory time from the lecture. The expense and the difficulty of conducting a particular laboratory activity may impede coverage of certain concepts in a laboratory setting, thereby causing a significant emphasis differential among concepts.
The survey results showed some inconsistencies in the hours reported by the respondents. Instructors were asked to indicate separately the amount of time they spent on (a) mitosis and meiosis and (b) genetics or human genetics excluding mitosis and meiosis. They were also asked to subdivide the time spent on genetics, including human genetics, into Table 3 . Content area word count from the four leading textbooks used in biology courses for non-science majors. the six content areas. However, no Web-based calculator was provided to keep track of the total number of hours reported, which might be one reason for the inconsistencies observed. For 39 percent of respondents, the sum of the six content areas agreed with the total time they reported spending on genetics excluding mitosis and meiosis. Among respondents, 13.1 percent included the time spent on mitosis and meiosis in the total time spent on genetics when calculating the total time spent on the six content areas. For the remaining 47.6 percent of the respondents, there was no agreement between the total hours reported and the sum of the content areas with or without mitosis and meiosis. Table 5 displays the differences among these three groups. Although 13.1 percent of respondents had a different interpretation of how to complete the survey, the number of hours dedicated to the content area Transmission was similar among the three groups (2.7 to 3.1); surprisingly, those including mitosis and meiosis spent a lower average number of hours on Transmission than did the other two groups. For all 43 subconcepts that were rated, there was a significant difference between the importance instructors attached to each subconcept and the emphasis it received. The instructors did not commit the time (emphasis) to the topics equal to the importance they attached to them. One explanation for this result is that instructors simply did not have sufficient time, even though on average 15.6 percent of their courses were committed to genetics including mitosis and meiosis (14.6 out of 93.3 hours). An alternate explanation is that instructors teaching these courses have not had sufficient training in genetics to give the amount of in-depth emphasis they believe a content area deserves. The demographic data show that only 10.1 percent of respondents indicated genetics as their specialty; thus, the vast majority of the respondents teaching genetics have expertise in other areas and may not place the same emphasis on genetics and genetic topics as do those trained in the discipline (table 4) . This explanation is supported by the finding that the 10.1 percent of respondents who reported genetics as their field of study also reported spending an average of 1.2 more hours on genetics (excluding mitosis and meiosis) than that reported by nongeneticists (11.9 versus 10.7).
Differences were also found in the coverage of genetics among the five leading textbooks that were reviewed. The books written by Johnson and by Campbell and colleagues each committed about a quarter of their text to genetics, which was substantially greater than the average proportion of their time instructors spent on the topics (15.7 percent). Furthermore, the average commitment to genetics for all of the leading textbooks that were reviewed was 19.0 percent. This reinforces the argument that lack of preparation or familiarity with genetics may be a major reason instructors are not committing more time to it.
The data show a relationship between the average percentage of words dedicated to each content area in the textbooks and the average number of hours reported by instructors. In both the textbook and the classroom, the content areas Transmission and Evolution received the most emphasis. There was a disconnect, however, between the textbooks and the survey responses for the other content areas. Although instructors reported devoting the least amount of time to Gene Regulation, this content area held the third highest average percentage (21.2 percent) of words dedicated to genetics in the textbooks (table 3) . The same discrepancy was apparent in Genetics and Society, which was the subject of an average of 17.9 percent of the words dedicated to genetics in the textbooks, making it much more emphasized in the textbooks than either Gene Expression (9.7 percent) or The Nature of the Genetic Material (5.7 percent). The same pattern was established for the average P/T/G within each of these sec- tions, with Gene Expression and The Nature of the Genetic Material having fewer P/T/G (15 and 13, respectively) than Genetics and Society (20). The instructors, however, reported only 1.9 hours dedicated to Genetics and Society, making it the second lowest area of emphasis. These substantial differences between the textbooks and coverage by instructors are surprising and striking. The differences may have arisen in part because instructors used the textbook as a reference for the students rather than as a teaching guide. Another possibility is that instructors promoted self-learning by requiring students to do reading outside of class. Finally, it is possible that the survey respondents used textbooks for their introductory biology courses other than the ones we have analyzed here. The small number of respondents is a limitation of this study, even given the revised figures based on the likelihood that some instructors who were invited to participate did not meet the criteria for doing so (see "Materials and methods"). To the degree that those teaching less genetics or human genetics were not as likely to respond, the amount of time spent on many concepts and subconcepts may be even lower than presented here.
Conclusions
A recent study examining Canadian introductory genetics courses for both science majors and nonmajors found that although basic concepts were being taught, many of the detailed and more advanced subconcepts received significantly less emphasis (Haffie et al. 2000) . We found the same results in introductory biology courses for non-science majors in the United States. Haffie and colleagues suggest that introductory genetics courses in Canada are "unable to adequately address both the breadth of 'classical' material that is needed as preparation for specialized study as well as the implications of genetical concepts relevant to the personal lives of students" (2000) .They explain that this is a particular problem for students who are preservice teachers, because these courses provide the only formal genetics to which they will be exposed. Although students taking introductory biology courses for non-science majors in the United States are not preparing for specialized genetic study, we do have the same concerns that students in these courses have not adequately addressed the meaning and relevance of genetic concepts to their everyday lives. Thus, it is equally true that preservice teachers taking these courses are not being properly prepared to teach genetics and human genetics concepts in grades K-9. The incorporation of concepts such as those suggested in this study may help move students toward the necessary understanding needed to teach the concepts outlined by the National Research Council for grades K-9.
Given the paucity of published research on genetics education for undergraduates, this article begins to fill the gap that exists between the National Science Education Standards for K-12 and those developed by ASHG in 1995 for medical schools. To the extent that these data represent the situation nationwide, they provide at least some cause for optimism about the teaching of genetics in introductory biology courses for non-science majors. With an average total of almost 16 percent of the courses devoted to genetics-related material and an average of 19 percent of textbooks so committed, it is clear that genetics is an important part of the curriculum. In addition, the data show strong correspondence between the concepts identified by the subcommittee on undergraduate genetics education and the concepts instructors reportedly emphasize in the classroom.
These descriptive data do not, however, indicate whether students actually learn the concepts we have identified as central to an understanding of genetics, nor do they address the factors that influence student learning. These questions require additional investigations to assess variables such as pedagogical style, the background of the instructor, the nature of laboratory experiences, textbook treatment of content, involvement of students in independent research, and the use of the Internet to supplement materials provided by the instructor.
In addition, the roughly equal emphasis across all major concepts and subconcepts raises questions about the definition of genetic literacy. For example, in a course for nonscience majors, should the mechanisms of gene expression receive as much emphasis as the basic mechanisms of evolution-the unifying theme of biology-or the ethical, legal, and social implication of genomics and genetic medicine? For such courses, one might argue that the relationship of genetics to the everyday lives of the students should be the most important area of emphasis. Do 1.9 hours committed to Genetics and Society out of 93 in the average course suffice? Does this time include the application of genetic knowledge to medicine, forensics, and agriculture? Can students gain sufficient understanding to enable and encourage them to read further about these topics and to allow rational decisionmaking in later years? Have students really come to understand the relevance of genetics to their current and future lives? If these courses are the only exposure to genetics for K-9 preservice teachers, are these students prepared adequately to teach these subjects themselves? Additional work is necessary to determine whether there is any consensus on the definition of genetic literacy for the general public and whether it is appropriate to recommend that textbooks and teaching reflect this consensus. We hope that the American Society of Human Genetics will continue to take the lead in helping answer these important questions and, further, to provide leadership in improving genetic literacy for all.
